Post-transplant smooth muscle tumors (PTSMTs) are rare mesenchymal neoplasms which occur after solid organ or haematopoietic stem cell transplantation. PTSMT typically consist of Epstein-Barr-virus (EBV)+ smooth muscle-like cells and show an intermediate malignancy. Their main occurrences are visceral organs, especially the liver, but intracranial appearances are described and associated with a poor prognosis. EBV drives the growth of PTSMT; however, the underlying molecular mechanisms still remain unclear. Gene expression analysis of a set of morphologically similar tumors (leiomyomas, leiomyosarcomas, angioleiomyomas and endothelial haemangiomas) from patients without immunosuppression or EBV-association was performed. Our findings indicate that PTSMT's growth is driven by two factors of the wingless-type protein family: WNT6 and WNT10A. We are first to report that in PTSMTs, a non-canonical activation of WNT, independent of beta-catenin, drives tumor cell proliferation via MTOR/AKT1, MYC and Cyclin D2.
Background
Tumors with predominant or partial smooth muscle differentiation make up a broad spectrum of mesenchymal neoplasms. Most of these tumors are based on spontaneous mutations of a mesenchymal stem cell. A rare and virus-associated entity are the post-transplant smooth muscle tumors (PTSMT) [1, 2] . These tumors are typically positive for the Epstein-Barr virus (EBV) and can manifest themselves at any time and in any organ after transplantation [1] . Similar neoplasms can also occur in any other immunosuppressive condition, in particular after infection with human immunodeficiency virus (HIV; HIV-SMT) or congenital immune defects (CI-SMT) [1, 3, 4] .
Post-transplant smooth muscle tumors are rare in regard to the total population (< 1% of transplanted patients [5] ) but represent an important clinical and radiological differential diagnosis in immune-compromised patients, particularly to post-transplant lymphoproliferative diseases (PTLD). In PTSMT, the site of manifestation determines the patients' outcome [2] . In particular, cerebral PTSMT has a poor prognosis, while histological features (mitotic rate, cellular atypia, and necrosis) have no prognostic impact [1] .
Epstein-Barr virus is specialized to infect B cells and almost all adults harbor a small population of EBV+ nonneoplastic B cells, which are controlled by T cell homeostasis. It is not known how EBV enters non-B cell tissues, such as mesenchymal cells. It is thought that the PTSMT cell of origin is derived from a perivascular non-endothelial mesenchymal smooth muscle stem cell. EBV+ PTSMT have a type III-like latency with expression of EBV protein EBNA (Epstein-Barr nuclear antigen) but often lack EBV latent membrane protein 1 (LMP1) expression [6] . The tumorigenic role of EBV in smooth muscle neoplasms is not clear because particularly HIV-SMT can be EBV negative, indicating that the virus is not absolutely necessary for aberrant smooth muscle proliferation [1] .
In our previous works, we found a molecular microenvironment which is not related to EBV infection, but rather to smooth muscle differentiation [5] . In addition, EBV is able to induce neoangiogenesis, but we found only minor changes on the transcriptional level, including increased levels of angiopoietin 2 (ANGPT2) [7] . Defining driver mutations in PTSMT are still not known. However, we and others found up-regulation of MYC proto-oncogene transcripts, protein expression of phosphorylated mechanistic target of rapamycin kinase (MTOR) and phosphorylated AKT serine/threonine kinase 1 (AKT1) signaling factors [2, 6] .
In the present analyses we wanted to asses if and which transcript profile of mesenchymal stem cell and signaling factors differ between PTSMT and other neoplasms with smooth muscle differentiation.
Methods

Tumor samples
EBV+ PTSMTs comprised six tumors from five patients; one patient had a tumor in the spleen and another in a cerebral sinus. We previously reported the clinical and histopathological characteristics of four of these patients [2] . The fifth patient was a female (age: 61 years) who developed a PTSMT in the liver 5 years after kidney transplantation (tumor diameter 3.1 cm, 10% Ki67, positive for EBV in situ hybridization (EBER), smooth muscle actin, caldesmon and desmin).
For control purposes, the following tumors were analyzed ( Table 1 , Fig. 1 ): (i) smooth muscle tumors (nine visceral leiomyomas and four central venous G1-2 leiomyosarcomas) and (ii) mixed smooth muscle and vascular tumors (28 with different histological subtypes of angioleiomyomas). Additionally, we added (iii) a vascular tumor control group (five endothelial haemangiomas), as the actual origin of PTSMT is still uncertain and aberrant myogenous venous wall cells are still under discussion as the cells of origin [2, 8] . Before performing molecular analysis, the angioleiomyomas were histologically sub grouped according to the old but current standard of Morimoto [9] 
Transcript expression analysis
Samples contained > 80% tumor tissue and RNA was extracted and purified with our established mineral oil method and RNeasy Mini Kit (Qiagen, Hilden, Germany) via Maxwell ® system (Promega cooperation, Mannheim, Germany). RNA was quantified by Qubit ® 2.0 fluorometer (Life Technologies/Thermo Fisher Scientific, Waltham, MA, USA). Transcript expression analysis was performed via NanoString nCounter ™ system. NanoString uses digital fluorescent reporters for gene detection and enables analysis of small amount of RNA while minimizing background signals. We used the prefabricated stem cell panel (includes 193 target genes and six endogenous control genes) as described in the manufacturer's protocol (NanoString Technologies, Seattle, WA, USA). Endogenous control genes were glucuronidase beta (GUSB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), clathrin heavy chain (CLTC), hypoxanthine phosphoribosyltransferase 1 (HPRT1), phosphoglycerate kinase 1 (PGK1) and tubulin beta class I (TUBB).
Immunohistochemistry
Deparaffinized and rehydrated FFPE tissue sections (1-2 μm) were processed in an automated staining system (Benchmark ULTRA, Ventana Medical Systems, Inc., Number of tumors n = 6 (5 patients) n = 9 n = 4 n = 28 n = 5
Age (median, range)
11. 
Tumor localisation Kidney (n = 2)
Pulmonary artery (n = 2) Right atrium (n = 1) Adrenal gland vein (n = 1)
Tucson, AZ, USA). A monoclonal anti-beta-catenin antibody was used.
Data analysis
Raw data of transcript target gene expression were analyzed by nSolver ™ software (NanoString Technologies) and set in relation to the average of endogenous control genes (geometric mean of controls as level of relative gene expression: reference gene index). Further statistical analysis for comparison of different tumor groups was performed with Prism 5.0 (Graph Pad Software, San Diego, CA, USA) by using the non-parametric Mann-Whitney test for two group comparison and the Krustal-Wallis test and post hoc Dunn-test for multiple comparisons. P values < 0.05 were considered as statistically significant. Heatmaps were generated using R.
Results
Increased WNT6/WNT10A levels in PTSMT
Transcript analysis showed significant differential expression of several genes among the different types of smooth muscle tumors (Table 2, Additional file 1: Figure S1 ). Several factors were increased in only one type of tumor. PTSMT showed increased Wnt family member 6 (WNT6) and WNT10A levels while all other types of tumors showed no different expression or low levels of these two WNT factors (Fig. 2, Table 2 ). WNT6 and WNT10A are encoded as a gene cluster on chromosomal segment 2q35. In individual PTSMT cases, both WNT factors were co-expressed at similar levels.
In addition to WNT6/WNT10A, cell cycle G1/S transition regulator Cyclin D2 (CCND2) was increased. As could be expected from our previous results on uterine leiomyomas and PTSMT [2] , MYC proto-oncogene, bHLH transcription factor (MYC) transcripts were significantly higher in PTSMT than in non-uterine visceral leiomyomas (Fig. 2) . These three factors are not encoded on 2q35 or any other chromosome 2 segment, but on chromosome 8 (MYC: 8q24) and chromosome 12 (CCND2: 12p13). WNT9B (17q21.32), S phase entry blocker growth arrest specific 1 (GAS1) and serine/threonine protein kinase D1 (PRKD1) were expressed at low levels in PTSMT while the other analyzed tumor types showed higher levels, in particular, leiomyosarcomas. Similar to our previous results [7] , fibroblast growth factor receptor 1 (FGFR1) levels are lower in PTSMT as compared to leiomyomas. WNT signaling-related transcript levels of catenin beta 1 (CTNNB1) were not increased in PTSMT (Fig. 2,  Table 2 ). Beta-catenin protein expression was evaluated by immunohistochemistry in PTSMT. All of them showed no nuclear beta-catenin protein localisation. Compared to the other tumor types, several other canonical and non-canonical WNT signaling pathway factors were not significantly deregulated in PTSMT, in particular, frizzled class receptors (FZD), WNT1-8, WNT9A, WNT10B, WNT11 and WNT16, beta-catenin-related transcription factor 7 (TCF7), WNT signaling pathway regulator adenomatous-polyposis-coli gen (APC), glycogen synthase kinase 3 beta (GSK-3beta), Cyclin D1 (CCND1) as well as the two small GTPase ROH family members ras homolog family member A (ROHA) and cell division cycle 42 (CDC42). These findings indicate that other canonical and non-canonical WNT pathways are not activated and affirm our theory. Therefore, the downstream effectors of the elevated WNT6/WNT10A levels remain unclear.
Different gene expression profiles in PTSMT and leiomyosarcomas
There were significant differences between visceral leiomyomas, angioleiomyomas and haemangiomas (Additional file 1: Figure S1 ).
In comparison to all other tumors, leiomyosarcomas showed several increased gene expression levels ( Table 2) . The following expression levels were significantly higher in leiomyosarcomas than in PTSMT (Table 2) : WNT9B, GAS1, signaling factor desert hedgehog (DHH), the two Notch signaling pathway factors LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase provided (LFNG) and MFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase (MFNG), protein kinase cAMP-activated catalytic subunit alpha (PRKACA) and insulin-like growth factor 1 (IGF1). Roland et al. [10] showed that leiomyosarcomas also express the IGF receptor which indicates paracrine activation.
Histopathological subgroups of angioleiomyomas show no molecularpathological correlation
There are three distinct histopathological subtypes of angioleiomyomas which were originally described on Note that non-significant (p = ns) differences between PTSMT and other tumors regarding WNT6 and WNT10A expression are related to non-detactable transcripts in several ALM, LMS and EHA (a, b). f Beta-catenin is bound and inactivated in a complex formation containing adenomatous polyposis coli gene (APC), glycogen synthase kinase 3 beta (GSK-3beta) and axin-1 (Axin). In the classical, beta-catenin-dependent WNT signaling pathway, members of WNT family bind to the frizzled class receptors (FZD) whereas beta-catenin is set free and initiates carcinogenesis via activation of MYC and Cyclin D2 the basis of histopathological features by Morimoto in 1973 [9] . Regarding the genes under investigation, manly these subgroups showed the same molecularpathological characteristics. Only six genes show significant differences between the angioleiomyoma types (ISL1, NCSTN, TCF7, WNT10A, WNT11, WNT7A) but their relative expression levels were very low, which indicates no biological relevance (< 0.4 compared to standardized reference gene index).
Discussion
Post-transplant smooth muscle tumor share morphological similarities with leiomyomas and low-grade leiomyosarcomas and only show rarely high-grade atypia.
One of the main differences is the EBV association. Our previous molecular analysis showed no clear relationship between EBV infection of tumor cells and (de)regulation of gene expression. One reason could be that PTSMT usually do not express LMP1, a viral protein which is associated with manipulation of the host cell cycle and cytokine expression. In one of the very first analyses which addressed the question of specific signaling pathway deregulation in PTSMT, Ong et al. [6] demonstrated that these tumors express phosphorylated MTOR and phosphorylated AKT1 proteins and that Ras association domain family member 1 (RASSF1) was hypermethylated. Activated MTOR/AKT1 signaling, RASSF1 hypermethylation and MYC expression can also be found in a subset of leiomyosarcomas [6, 11, 12] . We could confirm our previous result that PTSMT have higher expression levels of MYC than uterine and non-uterine leiomyomas. In our current analysis we found that this difference regarding MYC was not significant in comparison to leiomyosarcomas. Remarkably, for the very first time, we could show that PTSMT are characterized by WNT6/ WNT10A regulation while all other tumor entities under investigation showed almost no expression of these two factors. There are no reports on a particular WNT6 or WNT10A expression in EBV infected cells [13, 14] . Therefore, it is unlikely that EBV is the main cause of this WNT6/WNT10A expression. The only other known tumor entity characterized by WNT6/WNT10A overexpression are colorectal carcinomas and it is assumed that their mode of proliferation is linked to differential betacatenin expression-as opposed to PTSMTs [15] . Both genes are encoded as a cluster on segment 2q35. Co-expression of these two factors indicates a co-regulation of the respective promotors. The fact that many canonical WNT signaling factors were not increased and that we found no nuclear beta-catenin indicates activation of the non-canonical WNT pathway. Similar to PTSMT, leiomyosarcomas usually show no aberrant nuclear beta-catenin expression [10, 16] . Non-canonical WNT signaling is often characterized by alternative signaling without cytoplasmic stabilization of soluble beta-catenin [17] [18] [19] . These include the WNT/calcium pathway and the planar cell polarity (PCP). In those alternative pathways, other WNT factors than WNT6 and WNT10A are usually involved [17] [18] [19] . In contrast to PTSMT, it has been shown in renal cell carcinoma that WNT10A is involved in canonical WNT/beta-catenin signaling [20] . In the murine kidney, Wnt6 is also related to canonical Wnt/beta-catenin signaling [21] . In mesenchymal cells expression of WNT6, WNT10A and WNT10B can be associated with osteoblastogenesis and inhibition of adipogenesis but not with smooth muscle differentiation [22] . WNT6 is involved in differentiation of non-smooth muscle myogenic cells, e.g. in the heart, and proliferation of stromal cells in the placenta [23] [24] [25] [26] . There are reports which imply a special relationship between WNT/beta catenin signaling and CCND2 in glioma cells [27] but not in smooth muscle cells. At least in cardiomyocytes, there are evidences of a MYCdependent activation of CCND2 [28] . In insulin sensitive pancreatic beta cells, activated MTOR leads to CCND2-associated proliferation [29, 30] . Therefore, these signaling factors could also be linked in PTSMT. Based on the finding that MTOR signaling is activated, Sirolimus has been used for targeted therapy in PTSMT [31] .
Conclusions
In summary, we are the first to report that PTSMT cells may harbor a unique variant of a non-canonical WNT pathway, which is based on WNT6/WNT10A, and which may induce cell proliferation and differentiation via MTOR/AKT1, MYC and CCND2.
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Additional file 1: Figure S1 . Heatmap of all investigated stem cell genes shows differences between the five entities. PTSMT: post-transplant smooth muscle tumors, ALM: angioleiomyomas and their histomorphological subtypes, LM: leiomyomas, EHA: endothelial haemangiomas and LMS: leiomyosarcomas of the central venous tract. Colors encode significance level of pairwise group comparison. The abbreviations of the five entities stand for the corresponding significantly different regulated group. ns: p > 0.05, *: p ≤ 0.05, **: ≤0.01, ***: ≤0.001.
